p53 beyond region 2 (Fig. 3, B and C) , as indicated by p53Rps expression in region 3 of the germarium and later-staged egg chambers, where a substantial increase in the incidence of reporter activation was observed (Fig. 3C ). To test whether persistent p53 activation is functionally relevant, we examined animals doubly mutated for p53 and rad54. p53
AA/RU females were sterile, despite the fact that corresponding trans-allelic combinations of the single-gene mutants were fertile (see methods for allele descriptions). Furthermore, severe oogenesis defects, which are not seen in single mutants, were evident in double mutants, including abnormal numbers of nurse cell nuclei (Fig. 3D ) and shortened egg lengths ( fig. S5 ). To test whether genetic interactions between p53 and rad54 were instigated by meiotic recombination, we created spo11,p53,rad54 triple mutants. In these animals, fertility and normal nurse cell numbers were restored (Fig. 3 , D and E), and defects in egg length were suppressed (fig .  S5 ). Hence, genetic interactions between p53 and rad54 required the action of spo11. Furthermore, these results indicate that failure to properly resolve meiotic recombination can lead to sustained and functionally relevant p53 activity.
To determine whether activation of p53 by meiotic recombination is conserved, we examined mouse testes with antibodies that specifically detect phosphorylated p53 at Ser15 (18) . In seminiferous tubules from wild-type (WT) animals, p53 was transiently activated in early spermatocytes (Fig. 4, A and B) . On the basis of nuclear morphology (described in supplemental methods), staining appeared to peak between the leptotene and zygotene stages and disappeared after the early pachytene stage. This pattern is consistent with earlier studies on Spo11 activity (19) and p53 promoter-driven chloramphenicol acetyltransferase transgenes in this tissue (20) . Staining for phospho-p53 (Ser15) was absent from testes of Spo11-deficient mice (Fig. 4 , B and C), where spermatocytes survive through the leptotene and zygotene stages (21) . Therefore, we can exclude cell loss as a reason for the absence of signal, and, as in flies, meiotic recombination is necessary to provoke p53 activation.
We demonstrate that a defining step in sexual reproduction, meiosis, signals a programmed burst of p53 activation. This activity is stimulated by the action of Spo11 in Drosophila females (recombination does not occur in males) and in mice. In flies, activation requires the kinase chk2 [which also has roles later in oogenesis (22) ] but appears to be independent of the ATM and ATR kinases ( fig. S3 ), suggesting that alternative transducers could mediate Spo11-dependent activation of p53.
In mice (Fig. 4) , potential functions of Spo11-mediated activation of p53 are indicated by altered kinetics of gametogenesis in p53-deficient mice (23, 24) , as well as giant-cell degenerative syndrome in the testes of p53-deficient males (25) and implantation defects in females (26) . Additional layers of complexity or redundant activities conferred by the p63 and p73 paralogs (27, 28) could obscure conserved functions, because recombination appeared normal without p53 (29) . Nevertheless, these findings raise the possibility that the act of recombination during meiosis may have been an intrinsic primordial stimulus that shaped ancestral features of the p53 regulatory network. Future studies could elucidate whether p53 directly affects crossover reactions (30) or imposes quality control on selected gametes.
an early role in invagination even before AP2 and clathrin recruitment. We studied the F-BARcontaining protein family FCHo1/2 [Fer/Cip4 homology domain-only (FCHo) proteins 1 and 2], whose F-BAR homodimer module can recognize less extreme curvatures than BAR modules (5-7). FCHo1/2 are ubiquitously expressed (fig. S1, A and B) and have a twisted shape that is distinct from the F-BAR dimers of FBP17 and CIP4 (5-7). The yeast homolog Syp1 is recruited early to sites of actin-dependent endocytosis (8-10). We confirmed that FCHo1/2 are localized to clathrincoated pits (CCPs) only on the plasma membrane (PM) (fig. S1, C to F). Furthermore, a FCHo signal defined where a CCP forms because it was detected before the visible appearance of clathrin or its PM-specific adaptor, AP2 (Fig. 1 , A and C, and fig. S2 , A and B). The FCHo1/2 signal decreased before the clathrin signal intensity reached its maximum, but in some rare cases the FCHo protein did not leave and defined sites where clathrin returned multiple times, thus marking endocytic "hotspots" (fig. S2C ). In contrast, FBP17-another F-BAR protein implicated in clathrin-mediated endocytosis (6)-was recruited at later stages to some (3 T 1%) CCPs ( fig. S2E ). FCHo2 was detected with cryogenic immunoelectron microscopy (cryoimunno-EM) at early to late stages of CCPs, which is consistent with live cell imaging kymographs (Fig. 1B) . A complete loss of CCPs was observed when FCHo1+2 levels were greatly reduced by using double RNA interference (RNAi) (Fig. 1, C and D, and fig. S3 , A to D) with a concomitant reduction in internalization of three known cargoes for clathrin-mediated endocytosis: transferrin (Tf ), low-density lipoprotein (LDL), and epidermal growth factor (EGF) (Fig. 1E ). In the absence of FCHo proteins, both AP2 and clathrin were cytosolic. These phenotypes were rescued by an RNAi-resistant form of FCHo2 (Fig. 1, C to E, and fig. S3E ) (11) . FCHo1/2 function was not limited to fibroblasts but was also associated with clathrinmediated endocytosis in primary astrocytes and the recycling of synaptic vesicle markers (synaptotagmin1 and synaptophysin) after stimulated exocytosis in hippocampal neurons cultured for 4 days in vitro ( fig. S4 ). Overexpression of FCHo1 or FCHo2 led to a dramatic increase in CCP density. This increase was not due to slowed or inhibited clathrin-coated vesicle (CCV) budding [as with epsin1 overexpression ( fig. S5B ) or dynamin inhibition by dynasore (12) ] because CCPs were dynamic (increased nucleation rate) and functional (increased Tf uptake) during FCHo1 or 2 overexpression (Fig. 1, F to H, fig. S5 , and movie S1). Because CCP numbers directly correlate with FCHo1/2 levels, FCHo proteins appear to act as CCP nucleators.
The presence of a membrane-bending protein early in CCP formation caused us to seek an explanation for how FCHo1/2 recruitment connects to clathrin recruitment. We looked for FCHo2 C-terminal AP2-m homology domain (mHD) interactors in brain and HeLa cell extracts and found that the main interaction partners were known CCP proteins eps15, eps15R, and intersectin 1 and 2 ( Fig. 2A and fig. S6, A and B) . The interaction of eps15 with the mHD was direct ( fig. S6C) (8) as was that with intersectin 1. The CCP localization of eps15 and intersectin was dependent on FCHo1/ 2 (Fig. 2B) . These proteins interact directly with AP2 but not with clathrin, unlike many other CCV accessory proteins (2) . Eps15 and intersectin appearance coincided with that of FCHo2 (Fig.  2C) , suggesting that these proteins constitute an early module for nascent CCP assembly. FCHo1/ 2 are necessary for CCP formation, and yet their fluorescent intensity diminished before vesicle budding (Fig. 1A) , just as dynamin intensity increased ( fig. S6D) . Similarly, the yeast Syp1 intensity decreased as Abp1 increased (9, 10) . In purified CCVs, FCHo1/2, eps15, and intersectin levels were reduced as compared with that of total extracts ( Fig. 2D and fig. S6E ), which is consistent with their absence in previous mass spectrometry studies (13) . Thus, FCHo1/2 initiate CCPs but are excluded from mature vesicles, with FCHo1/2 being primarily PM-associated, which is consistent with their localization on constricted CCP necks (Fig. 2E) .
RNAi of AP2 leads to a marked reduction in CCP numbers (14) . Thus, we tested the localization of FCHo2 in the absence of AP2. Although AP2 puncta were largely missing, FCHo2 puncta at the PM remained and still colocalized with eps15 and intersectin ( Fig. 2G and fig. S7A ). The FCHo2-mHD interactions were also AP2-independent in vitro ( Fig. 2F and fig. S7B ). In contrast, the localization of epsin, another membrane-sculpting molecule that binds clathrin and AP2, was dependent on the presence of AP2 ( fig. S7C ). An alternative strategy to disrupt CCP formation is the overexpression of the C terminus of AP180, which binds to clathrin with high affinity (15) . Overexpression led to an accumulation of AP2 puncta, which colocalized with FCHo2, eps15, and intersectin but had no clathrin and were static ( fig. S7 , D to F). Thus FCHo2, eps15, and intersectin do not require AP2 or clathrin to cluster. An eps15/eps15R/ intersectin1/intersectin2 quadruple knockdown affected FCHo2 clustering into puncta but not its PM localization, whereas AP2 was cytosolic (Fig.  2H and fig. S8, A to E) . RNAi of Dab2, a mHD interaction partner that arrives early at CCPs (figs. S6A and S8F) and that was not enriched in CCVs (Fig. 2D) Fig. 2J and fig. S9B ). In the FCHo1+2 RNAi background, K797E did not rescue CCP formation and Tf uptake and was diffusely located on the PM (Fig. 2I) . Thus, FCHo membrane recruitment and clustering by eps15 and intersectins initiates CCP maturation with subsequent recruitment of AP2 and clathrin, leading to coated vesicle formation..
Functionality of F-BAR domains is mediated by three distinct properties: membrane binding, dimerization, and membrane sculpting (5, 6, 18) . To test the importance of each property in FCHo2 function, we designed (i) a chimera to replace the F-BAR domain with a PM-targeting PH domain, which dimerizes because of an enhanced green fluorescent protein (EGFP) tag (19) ; (ii) a structurebased mutant of FCHo2 (F38E+W73E), which should disrupt dimer formation; and (iii) a fluorescently tagged SGIP1, which is a close relative of FCHo1/2 and a CCP component that has a C-terminal mHD but no F-BAR domain (20) . All three proteins localized to CCPs in wild-type cells ( fig. S10A ) but upon depletion of endogenous FCHo1+2 did not rescue CCP formation (Fig. 3A) . As expected, both the PH chimera and SGIP1 localized to the PM (sometimes in large sheets), whereas the dimer mutant remained cytosolic. Thus, the dimeric, membrane-sculpting F-BAR module is necessary for CCP formation. The region following the FCHo1/2 F-BAR domain (residues 263 to 430) is rich in positively charged amino acids and has a high homology with the N terminus of SGIP1 (9) . An extended F-BAR module containing this homology region (F-BAR-x, for "extended"), showed enhanced membrane binding and tubulation in vitro ( fig. S10 , B and C). The F-BAR-x module co-sedimented preferentially with liposomes enriched with phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ], helping to explain why FCHo proteins are PM-targeted (Fig. 3B) . Acute decrease of cellular PI(4,5)P 2 levels by the addition of 1-butanol (21) led to acute relocalization of FCHo2 to the cytosol ( fig. S10D ), supporting the role of PI(4,5)P 2 in the targeting of FCHo1/2 to the PM. The F-BAR-x module caused extensive tubulation of PI(4,5)P 2 liposomes to high curvatures (from 130-to 18-nm tubules and many small vesicles) in a protein concentrationdependent manner (Fig. 3C) . Protein density surrounding tubules sometimes exhibited striations in which the angle correlated with the degree of membrane curvature ( fig. S10E and movie S2 ). Narrower tubules displayed more oblique angles, www.sciencemag.org SCIENCE VOL 328 4 JUNE 2010 and the narrowest ones were twisted (Fig. 3C ) (5, 18) . This provides a mechanistic explanation for the generation of increasing curvature required for CCP budding and dynamin recruitment. To test the contribution of membrane sculpting in FCHo2 function, we mutated two conserved lysines (K146E+K165E) on the concave face of the F-BAR module as well as a conserved residue (I268N) associated with a macrophage-induced autoimmune disease (22) and its interacting residue (L136E) along the F-BAR "wing" (fig. S11, A and B). As expected, the K146E+K165E mutant displayed reduced membrane binding in vitro and relocalized to the cytosol, whereas I268N and L136E mutations did not abrogate membrane binding but failed to tubulate the PM (fig. S11, C and D). When placed into full-length FCHo2, I268N and L136E induced enlarged and static aberrant CCPs and could not rescue FCHo1+2 RNAi-induced Tf uptake defect (Fig. 3E) . Thus, FCHo2-mediated membrane sculpting is essential for normal CCP nucleation.
We showed that FCHo1/2 proteins nucleate CCPs and that AP2 is a later component recruiting clathrin, cargo, and accessory proteins ( fig. S12 ). We also uncovered a role for membrane sculpting in the initiation of clathrin-mediated endocytosis. Thus, curvature generation appears to be fundamental to PM CCV formation from neurons to fibroblasts, and FCHo1 and -2 represent key initial proteins that ultimately control cellular nutrient uptake, receptor regulation, and synaptic vesicle retrieval. 
Materialsandmethods:
Plasmids,cloningandproteinpurification.FulllengthmouseFCHo2(RikenAK142282)and humanFCHo1(IMAGE5757146)wereclonedintopGEX6P1andpEGFP(Clontech),pTagRFP, and pTagBFP vectors (Evrogen). We introduced a point mutation (S158T) rendering TagRFP morephotostable(S1)intothepTagRFPplasmidsusedforallTagRFPconstructsofthisstudy. RFP-ITSN, and BFP-ITSNwere generatedbytransfer ofthe intersectin 1L geneintopTagRFP and pTagBFP vectors, respectively. Human eps15 (1-896) was cloned from a construct from AlexandreBenmerah(InstitutCochin,Paris)(S4,S5)andtransferredintopEGFP,pTagRFPor pTagBFP vectors to generate GFP-eps15, RFP-eps15 and BFP-eps15, respectively. EGFPrapostlinS(FBP17shortform)wasakindgiftfromManabuNegishi(KyotoUniversity,Japan) (S6). SypHy (synaptophysin-fluorin) was a kind gift from Leon Lagnado (S7). For testing the direct binding of eps15 to FCHo2 µHD, a construct corresponding to the C-terminal region (residues 530-791) of human eps15 was cloned and purified by GSH-sepharose gel chromatography. Mouse Dab2/p96 (residues 1-548) was cloned from a construct originally from Shelli Morris (S8). Rat Epsin1-myc was cloned as previously described (S9). AP180 Cterminus(residues530-915),describedpreviously(S10),wastransferredintopTagBFP.Point mutations were made by PCR mutagenesis and constructs were sequenced. GST-tagged constructs were expressed in BL21 E.coli (Stratagene) and purified on GSH-sepharose beads (GE Healthcare), tags were cleaved with PreScission protease (GE Healthcare), and proteins weresubsequentlypurifiedbyionexchangeandgelfiltrationchromatography.
Clathrin-coatedvesicles (Fig.2D )wereenrichedasin(S11).
Antibodies. For Western blotting and immunofluorescence (IF) studies, the following antibodies were used: anti-FCHo2 Ra103 (in house affinity purified rabbit polyclonal raised against residues 3-274 of human FCHo2 F-BAR domain), anti-eps15/eps15R Ra15 (in house rabbit polyclonal raised against human eps15 539-896), anti-actin 6276ab (Abcam mouse monoclonal), anti-Dab2/p96 D45720 (mouse monoclonal, Transduction Laboratories), antiintersectin S750 (rabbit polyclonal, a kind gift from Tom Südhof), anti-AP2 α−adaptin for IF staining2730ab(mousemonoclonal,Abcam),anti-AP2α−adaptinforWesternblottingA43920 (mouse monoclonal, Transduction Laboratories), anti-synaptophysin P38/CL43.1 (mouse monoclonal, a kind gift from Reinhart Jahn), anti-clathrin heavy chain (CHC) for immunofluorescencestudiesX22(mousemonoclonal,akindgiftfromFrancesBrodsky),anticlathrin heavy chain for Western blotting 610500 (mouse monoclonal, Transduction Laboratories) and anti-GFP for cryoimmuno-electron microscopy ab290 (rabbit polyclonal, AbCam), anti-dynamin Hudy-1 (05-319) (mouse monoclonal, Upstate), anti-synaptotagmin1 V216 (rabbit polyclonal monoclonal, a kind gift from Tom Südhof) and anti-EGFR antibody 13A9(mousemonoclonal,akindgiftfromGenentech).
Cryoimmunoelectronmicroscopy (Fig.1Band2E) S7B ).
Protein pulldown experiments. (Fig. 2A, F and J) . To test for interactions between proteins, GST-FCHo2 µHD(525-809)wasproducedinBL21 E.coliandpurifiedasdescribedabove.GSTproteinwaselutedoffofGSH-sepharosebeads,furtherpurifiedbygelfiltration,andreboundto freshGSH-sepharosebeadsforuseinpulldowns.HeLacellorbrainlysates(5-10mg/mL)were preparedin150mMNaClbufferedwith20mMHEPESand5mMDTTwithadded0.1%TritonX-100 and a protease inhibitor cocktail (lysis buffer). Bead bound protein was then exposed to cell or rat brain lysate for 30minutesto1 hour, pelleted ina cooled desktopcentrifuge,and washedthreetimesinlysisbuffer.ThefinalpelletwasboiledinsamplebufferandranonSDS-PAGE.Forproteinidentification,CoomassieBrilliantBlue-stainedproteinbandswereexcised fromthegelsandunderwentLC-MS-MSmassspectrometryforidentification.
Livecell fluorescent microscopy and analysis. Cells were grown on MatTek dishes and beforeimagingthemediumwaschangedtoα-MEMwithoutphenolredsupplementedwith20 mM HEPES, pH 7.4 and 5 % FBS and placed into a temperature controlled chamber on the microscope stage with 95% air:5% CO2 and 100 % humidity. Live-cell imaging data were acquiredusingafullymotorizedinvertedmicroscope(EclipseTE-2000,Nikon)equippedwith aCSU-X1spinningdiskconfocalhead(UltraVIEWVoX,Perkin-Elmer,England)usinga60xlens (PlanApochromatVC,1.4NA,Nikon)undercontrolofVolocity5.0(Improvision,England).14-bit digital imageswere obtained with acooled EMCCD camera(9100-02,Hamamatsu,Japan). Four 50 mW solid-state lasers (405, 488, 561 and 647 nm; Crystal Laser and Melles Griots) coupledtoindividualacoustic-opticaltunablefilter(AOTF)wereusedaslightsourcetoexcite TagBFP,EGFP,Alexa488,TagRFP,Alexa546andAlexa647,asappropriate.Rapidtwo-orthreecolours time-lapses were acquired at 500ms to 1s intervals, using a dual (525/50; 640/120, Chroma)andatriplefilter(450/25;525/40;600/35,Chroma),respectively.Thepowerofthe laserssupportedexcitationtimesof50msineachwavelengthandtheAOTFsallowedminimum delay between 2 colours (e.g. delay between green-red for each timepoint), which was an important factor during the measurement of the timing of incorporation of the various CCP componentsweinvestigated.
Automated unbiased identification of all clathrin or AP2 fluorescent spots and quantitative tracking of their dynamics as a function of time were performed using SlideBook 4.1 (IntelligentImagingInnovations)followingthesamecriteriaandproceduresasin(S12,S13).
ThegraphonFig.1Arepresents10representativepitsofequallength(60s).Thefluorescence intensities (a.u.: arbitrary units), corrected for their respective surrounding background, of RFP-FCHo2 andGFP-LCa were plotted versustime. Zero '0'values correspond to background levels(fory-axis,intensities)andtothetimeframebeforeRFP-FCHo2intensitybecameabove background levels (for x-axis, time), respectively. Nucleation rates (Fig. 1D and G, fig. S5 Forexperiments( fig.S10D )involvingtheadditionoftert-butanolor1-butanoltoculturemedia (S13), a 4% alcohol stock buffer (in DMEM) was added in equal volume directly into the cell culturedishtogiveafinalconcentrationof2%tert-or1-butanol.Washoutwasperformedby decantingthetotalmediaintheculturedishandquicklyreplacingwithfreshmedia.Cellswere imagedcontinuallythroughouttheprocess.
Rathippocampalneuronculturesandsynapticvesicleendocytosis(SypHy).E18dayold
pups were harvested from Sprague-Dawley rats in accordance with UK Animal policy. The hippocampus was excised and placed into ice-cold EBSS buffer (Gibco) supplemented with 10mMHEPESandPenicillin/Strepmix.Hippocampiwereplacedintowarmbufferwithadded papain protease (10U/mL), mechanically homogenized into 2mLs of culture medium, and decantedonto16mmMatTekglass-coverslipdishescoatedwithpoly-D-lysine(50µg/mL)and laminin(20µg/mL).Culturesweretypicallyanalysedat4DIV(daysinvitro).Culturedneurons were transfected via electroporation in an Amaxa Nucleofector machine according to the manufacturer's protocol. Alternatively, cultured neurons were transfected with lipofectmine 2000at7DIVandanalysedat15DIVaccordingto(S7).SypHyexperimentswereperformedin a pH 7.4 extracellular medium containing 10mM glucose, 136mM NaCl, 2.5mM KCl, 10mM HEPES, 1.3mM MgCl2, 2mM CaCl2, 0.01mM CNQX and 0.05mM DL-APV, according to (S7). Neuronswereimagedat1Hzusingspinning-diskconfocalmicroscopysystemdescribedabove. Neuronsdepolarizationwasachievedbyapplicationofextracellularmediumcontaining50mM KClfor30sec,followedbyawashoutintothepH7.4extracellularmedium.Quenching(pH5.5 medium) was perform at the end of recording to confirm the SypHy signal was at the at the neuronssurface. fig.S4D ),neuronswereincubatedat4°Cfor1hwith the V216 antibody (rabbit) in 10% goat serum in PBS without prior permeabilization of the neurons. After wash of the unbound antibody, the neurons were fixed with 3.7% paraformaldehyde,andtheantibodyrevealedwithanti-rabbit-conjugatedsecondaryantibody. To measure transferrin, EGF and LDL uptake, cells grown on coverslips were incubated with either 10µg/mL Alexa546-transferrin, 50µg/mL anti-EGFR monoclonal antibody (13A9) togetherwith 2ng/mLunlabelled-EGF(a concentrationofEGFligandthatactivate principally clathrin-mediated endocytosis (S14)) or 1µg/mL Dil-LDL for 5minutes at 37°C. Cells were washedwithice-coldPBStohaltuptakeandremoveunboundligands.Cellswerethenbriefly acid washed (3 washed, 2 min with pH 5.5 buffer, at 4°C) to remove surface-bound ligands, fixedin3.7%paraformaldehydeandmountedonslides.Imagingoffixed-samples(endogenous stainingandtransferrin,EGFandLDLuptake)wasperformedwiththesameconfocalimaging system described above. Three-dimensional (3D) stacks were acquired with a piezo-driven stageusing0.3µmsteps.AlltheTf,EGFandLDLsignalscontainedwithintheboundaries(PM) of each cells (measured on 3D stacks of images) were quantified and background-corrected. Thevalueswerenormalizedtothemean(average)ofthecontrolsetto100.Thequantification represents the mean ± standard deviation (SD) of at least 50 cells in each category, from 3 independentexperiments.Statisticalsignificances(pvalues)werecalculatedbyunpairedtwotailedStudent'st-test.pvaluesinferiorto0.01wereconsideredsignificant.
Immunostainingandliganduptakes(transferrin,EGFandLDL
Liposomecosedimentationandinvitrotubulationassays. (Fig.3BandC,fig.S10B ,Cand S11C). For protein-membrane binding experiments, liposomes were made by pore extrusion. Liposomes were composed of 80% Folch brain derived lipids (Avanti Polar Lipids, item 131101P)15% phosphatidylserine (PS),and 5% Pi(4,5)P2 .Lipidcomponents weremixedin 1:1 chloroform:methanol, dried in glass tubes by Argon gas, rehydrated into buffer (150mM NaCl,20mMHEPESpH7.4,and2.5mMDTT),sonicatedat37°C,andfilteredthroughWhatman 0.8µm diameter polycarbonate filters to a final concentration of 1mg/ml. For lipid cosedimentationassays,15µMproteinwasincubatedwith0.5mg/mlliposomesfor30minutesat room temperature, and then spun down in a benchtop ultracentrifuge (Optima TL Ultracentrifuge)for10minutesat70,000rpm(rotorTLA100).Thesupernatantwasseparated fromthepellet,bothwereresuspendedinsamplebuffer,andsampleswereboiledandrunon SDS-PAGEgels.Forinvitrotubulationassays,proteinwasincubatedwith0.5mg/mlliposomes in 1.5ml eppendorf tubes at room temperature for 15-30 minutes and pipetted onto glow discharged carbon-coated copper TEM grids (Agar brand) for~1 min. Grids were negative stainedwith2%uranylacetatefor60seconds,washedinwaterbriefly,anddriedbyblotting. Samples were examined on a PW6010/20 EM2055 transmission electron microscope (Phillips).
Supportingtext,technicalconsiderations:
OverexpressionoffluorescentlytaggedversionsofFCHo1/2proteins.Weobservedthat, evenatlowexpressionlevels,C-terminallytaggedversionsofFCHo1/2(e.g.FCHo2-EGFP)had a severe dominant-negative effect on CCPs dynamics (which were very slow) and Tf uptake (impaired)(notshown).ThiswasconsistentwiththereportedinhibitionofTfandLDLuptake in cells overexpressing FCHo1-EGFP (S15) and slowed dynamics of CCPs reported under SGIP1α-GFP (S16). This effect is likely due to a compromised effectiveness of the µHD -howeverthisisspeculation,aswedidnottesttheeffectivenessofthisfusionproteintobindto eps15orintersectin.
In this study, weusedN-terminally taggedversions ofFCHo1/2andSGIP1(e.g.EGFPFCHo2) sincethey did not perturbCCPdynamicsandTfuptake,aslong as theywereusedat verylowlevelsofoverexpressionandobservedafterashorttimeofoverexpression(12to20 hours).Wetypicallytransfected0.1-0.2µgofDNA(withoutscalingdownthelipofectant)per 10cm 2 dishescontaining~2x10 5 cells.Thisledto~15-30%cellsdisplayingverylowlevelsof overexpression. The movies generated with N-terminally tagged versions of FCHo1/2 and SGIP1 were individually assessed for their CCP dynamics before being further used. These criteriawereconsideredtobelegitimatesinceoverexpressionofuntaggedversionsofFCHo1 and FCHo2 -even with 2 µg of plasmid per 10 cm 2 dishes containing~2x10 5 cellsdramaticallyincreasedthenumberofCCPsandTfuptake(seeFig.1F-HandS5).
RNAi depletion.
For RNAi experiments we confirmed knockdown of the said protein by immunoblottingonthecompletecellpopulationtreatedwithRNAi (Fig.S8A,B,C,andG) .This analysisunderestimatestheefficiencyofknockdowninanindividualcellasthereisgenerallya low transfection efficiency (~20%) as judged by the expression of RFP-tagged respective protein. To correct for this (Fig. S8D) we have quantified the protein expression levels comparedwithcontrols(noRNAi)andnormalizedtheseforthenumbersofcells(usingactin asan internal control in each sample).Then we corrected forthe20%transfectionefficiency thusgivingamoreaccurateviewofhowmuchthesaidproteinwasdepletedinthecellsimaged bylive-cellimaging.
FCHoproteinsandsynapticvesiclerecycling.FCHoproteinsnucleateclathrinin4DIV(days invitro)hippocampalneuronsandarerequiredfornormalsynapticvesiclemarkersrecycling.
Given the expression of FCHo1/2 in the brain, we depleted FCHo proteins in 4 DIV cultured hippocampalneuronsandfoundthatclathrinpunctaonneuritesweredecreased( fig.S4B-C) . Inhibition of clathrin-mediated endocytosis induces surface accumulation of synaptic vesicle markers,likesynaptotagmin-1,whichfailtorecyclefollowingexocytosis(S17).UponFCHo1+2 RNAi, we observed a concomitant accumulation of the endogenous synaptotagmin-1 on the plasma membrane as detected by a monoclonal antibody against a luminal epitope of synaptotagmin that will be exposed on vesicle collapse ( fig. S4D) . To follow the kinetics of synapticvesiclemarkerendocytosis,weusedtheSypHyreporter(pH-sensitivepHluorinfused toanintracellularloopofthesynapticvesicleprotein,synaptophysin),whichhasbeenshown tobeinternalizedbyclathrin-mediatedendocytosis(S7).Afterdepolarization,increasedSypHy signals (the result of synaptic vesicles exocytosis) progressively decreased back to resting levelsincontrolcellsbutremainedelevatedforlongerinFCHo1+2RNAitreatedneurons,asa consequenceofareductioninendocytosis( fig.S4E ).WeconcludedthatFCHo1/2proteinsare nucleators of clathrin-mediated endocytosis in 4 DIV hippocampal neurons and are required fornormalsynapticvesiclemarkersrecycling.
FBARx lipid specificity and twisted tubules. The FCHo2 F-BAR-x module bound preferentially to Pi(4,5)P2-containing liposomes. As with all BAR-membrane interactions the interaction was concentration dependent, but we also note that the preference for Pi(4,5)P2 was not as evident at high protein concentrations (20µM +), where binding to Pi(3,5)P2-liposomes but not Pi(3)P-liposomes could now be observed. Where we see significant membrane binding then we can also detect tubulation, suggesting that significant binding naturallyleadstomembranedeformation.ItisevidentinFig.3Cthatthenarrow18nmtubules aretwisted.Itislikelythattheproteininducesthistwistingasthemembraneinteractionsites are not precisely along the concave face of the F-BAR structure. On the extremities of the structurethemembranebindingregionsarepositionedmoretowardsthesides,andastheF-BAR module is symmetrical this results in the membrane twisting around the dimer module (unpublishedobservations).
Supportingdiscussion:
Altogether, this study places FCHo1/2 as part of a lipid-binding module that, by recruitingeps15andintersectin,functionsasanucleatorofclathrinvesiclebudding.Thisstudy elucidates the centrality of membrane sculpting in the initiation of clathrin-mediated endocytosisandleadstoamodel( fig.S12) (Fig.2E) .Thisnotionisconsistentwith therecruitmentofdynaminatCCPstowardthetimewhenFCHo2haspasseditsmaximalsignal (Fig. 1A and fig. S6D ) and also the concomitance between the curvature produced by FCHo2 (below 20 nm diameter) and the diameter found to be optimal for dynamin spontaneous recruitment(S18).WealsofoundthatFCHo2wasnotpresentinmatureCCVsandweobserved thattheproteinintensityfrequentlydecreasedbeforeCCVbudding,andiftheproteinintensity remained then there were multiple rounds of clathrin cycling. It is interesting that FCHo1/2 proteinsdidnotbinddirectlytoeitherAP2orclathrinandthusthismayensuresometime-lag between the initiation of curvature and vesicle maturation. All these observations are consistent with FCHo1/2 initiating curvature while being excluded from the final vesicle. FCHo2 binds to Pi(4,5)P2 and thus provides some specificity for plasma membrane vesicle budding. Given the abundance of polylysinemotifsintheF-BAR-x itcould potentially help to concentrate Pi(4,5)P2, a key binding substrate for AP2, epsin, AP180/CALM, all components involvedinCCPmaturation(S9,S10,S19).
FCHo1/2proteinsalsohaveaµHDthatcanbefoundinanumberofotherproteinsand hasrecentlybeencrystallizedfromtheyeastSyp1p(S15).Weshowthatbindingofeps15and intersectintothisdomainisnecessaryformaturationofthecoated-pit.Thisislikelybecause theseproteinsprovidethelinktoAP2(aseachhasanAP2interactionregion)andalsoeps15is (at least) a dimer and may help crosslink the FCHo2 proteins, helping to concentrate them. Consistent with this, we observe that FCHo2 (while plasma membrane localized) is not clustered in the absence of eps15/eps15R and intersectins. It is notable that yeast Syp1p interactswiththeyeasthomologueofeps15(Ede1)(S15).Itpointstoaprimordialoriginfor the clathrin pathway where sculpting and crosslinking proteins, rather than clathrin and its adaptors,maybethecommonalitybetweenyeastandmetazoans.
It is notable that the F-BAR-x (membrane binding/sculpting) and µHD (eps15/intersectin recruiting) domains function synergistically in FCHo1/2 to nucleate CCPs. Indeed, SGIP1 which contains a µHD that binds eps15 (S20) but lacks the F-BAR-x did not rescueCCPformationintheabsenceofFCHo1/2(Fig3A).Consistently,SGIP1isnotrecruited earlytoCCPs( fig.S10A ).
FCHo1/2proteinsareconservedacrossspeciesandareubiquitousinmammalsandare thuslikelytoplayafundamentalroleinmostCCVbuddingeventsfromtheplasmamembrane, including synaptic vesicle endocytosis. These observations put curvature generation as fundamentaltoclathrin-coatedpitformationandvesiclebuddingandplaceFCHo1/2asthekey initialelementfornutrientuptake,receptorregulationandsynapticvesicleretrieval. Fig. 1 (A) Domain organization of human FCHo1 and mouse FCHo2 (the clones used in this study). The proteins have a similar organization and contain N-terminal F-BAR domains (residues 1 to 262 in FCHo2), immediately followed by an extended (x) domain (residues 263-430) found in the yeast homolog Syp1p and in SGIP1 (S16) and which enhances lipid membrane binding (see fig. S10B ). The region following the extended domain but prior to the µHD is predicted to be unstructured and shows very low sequence homology between FCHo proteins. In the yeast homolog Syp1p, this region has been shown to inhibit Las17/WASp-dependent actin assembly (S21). Both FCHo1 and FCHo2 end with C-terminal µHDs (a domain with homology with µ2-subunit of AP2 (see fig. S9A and (S15)) that are also found in stonin 1 and 2, δCOP, SGIP1 and the yeast homolog Syp1p (S15, S22). Bottom -FCHo2 F-BAR domains homodimerize. Syp1p µHD (S15) are shown at scale. (IMAGE 5757146), and SGIP1 (AAH17596). Mutated residues that did not express in E.coli. are shown in red. K797E (green) was used in Fig. 2G . β-sheets are denoted by blue bars. (B) Pull-downs were conducted with GST-FCHo2 µHD (525-809, K797E) fusion protein bound to GSH-sepharose beads. Beads were incubated with rat brain lysate (RBL) for 1hour, pelleted, washed three times, and run on SDS-PAGE gels. GST-µHD + RBL and GST-µHD Y555A+K797E + RBL were blotted for Intersectin1, Eps15, Dynamin, and AP2-α subunit. All were absent in the pull-down performed with the mutant. Although this pull down was done with the double mutant Y555A+K797E, Y555A alone mutants display no phenotypes alone by pull down nor in vivo (not shown), thus the phenotype here was attributed to mutation K797E. , and x (263-430) proteins with 0.5mg/mL liposomes (see Methods for composition). All proteins were used at 15µM concentration. Samples were incubated, centrifuged, and separated into pellet (P) and supernatant (S) fractions, and run out on SDS-PAGE gel electrophoresis. (C) Pi(4,5)P 2 stimulated membrane tubulation by the FCHo2 F-BAR-x module. 5µM of FCHo2 F-BAR (1-262) or FCHo2 F-BAR-x (1-327) protein were incubated with Avanti Folch liposomes spiked with either 20% phosphatidylserine (FolchPS) or FolchPS + 5% Pi(4,5)P 2 (Folch+Pi(4,5)P 2 ), and evaluated by EM. No tubulation was observed by either F-BAR or F-BAR-x protein on Folch+PS liposomes. Moderate tubulation was seen by F-BAR protein on FolchPS +Pi(4,5)P 2 liposomes, and tubules were broad in diameter (70-130nm). The F-BAR-x module produced a higher degree of membrane tubulation of FolchPS+Pi(4,5)P 2 liposomes. Scale bars, 200 nm (D) The acute decrease of cellular Pi(4,5)P 2 by the addition of 2% of the primary alcohol 1-butanol (S13) induced reversible loss of FCHo2 plasma membrane localization. EGFP-FCHo2 (FCHo2) and RFP-LCa (clathrin), which colocalize in the cell before treatment, became cytosolic within 1 minute following the addition of 2% 1-butanol, as observed by live-cell imaging. Following washout of 1-butanol, FCHo2 and clathrin rapidly relocalized to the plasma membrane. During 1-butanol washout, nucleation rate were transiently higher, as reported earlier (S13). As expected, 2% of the tertiary alcohol t-butanol had no effect (bottom panel). Scale bar, 5 µm. (E) A model indicating how the F-BAR dimer can support both moderate and extreme positive membrane curvature. When the F-BAR dimer orients perpendicular to the long axis of a membrane tubule, only moderate curvature is generated since the F-BAR dimer is only shallowly curved. If the F-BAR dimers are shifted to an oblique angle, however, high curvature is generated (see Supplementary Movie S2). This may explain how FCHo2 can localize to relatively flat regions of the plasma membrane, accumulate, and create the initial dimple of the nascent CCP. They recruit the early CCP proteins eps15 and intersectin, which function to cluster FCHo proteins into puncta and generate the initial curvature. As FCHo protetins and Eps15 (S27) accumulate at the rim of nascent CCP, more extreme curvatures are generated by FCHo proteins as they accumulate and change their angle on the membrane. Eps15 and intersectin recruit AP2, which can subsequently engage clathrin and additional accessory factors necessary for maturation of vesicle formation and budding.
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Supplementarymoviesandlegends:
Supplementary Movie S1: BSC1 σ2-EGFP cells imaged for150 frames at 2s interval using a spinning-disk confocal. Control (left panel) or transfected (2µg of untagged FCHo2 plasmid, rightpanel).Themoviewasaccelerated10times.PleasenotetheincreaseddensityofCCPwith FCHo2overexpression.
Supplementary Movie S2:
Simulation of membrane bending by multiple F-BAR dimer modules. The FCHo2 F-BAR module was based on the crystal structure (pdb: 2V0o). The FBARsareinitiallyrecruitedtoflatmembrane,andastheyaccumulate,theygeneratemembrane curvature and shift to support a more extreme membrane curvature by reorienting at an obliqueanglerelativetothetubuleaxis.
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